To understand the effect of substrate microstructure on the formation of TiO 2 nanotubes, anodic oxidizations of commercially pure titanium subjected to surface mechanical attrition treatment (SMATed-Ti) and unSMATed-Ti in a glycol solution containing NH 4 F and small amounts of water were investigated. The SMATed-Ti exhibit a nanocrystallized surface layer containing a high density of grain boundaries compared with unSMATed-Ti. The anodization results show that the formed TiO 2 nanotube layer on the SMATed-Ti is much thicker than that on the unSMATed-Ti. It is indicated that nanocrystallized Ti is propitious to the growth of TiO 2 nanotubes; grain boundaries and dislocations play the leading role in accelerating the reaction rate and ion diffusion coefficient during anodization. In addition, nanocrystallization of Ti does not change surface morphologies and phase components of the TiO 2 nanotubes.
Introduction
Anodization is a commonly used method to form porous structure oxides on valve metals including aluminum, titanium and zirconium [1] [2] [3] [4] [5] . Nanoporous and nanotube titanium dioxide has enormous potential applications in the fields of chemical sensors, heterogeneous catalysis, adsorption, separation, optics, electronics and biomedical implants [6, 7] . Consequently, great efforts have been made to prepare TiO 2 nanotubes by anodization, and the effect of electrochemical parameters such as electrolytic composition [8] , applied potential [9, 10] and electrolyte temperature [10] on the formation of TiO 2 nanotubes has been investigated. For example, Paulose et al reported that TiO 2 nanotubes with a length of 1000 μm were prepared in glycol containing NH 4 F and H 2 O at 60 V for 216 h [11] . By adjusting the anodization voltage, Shankar et al [12] reported that the diameters of the nanotubes could range from 20 to 150 nm, and the length-toouter diameter aspect ratio of the nanotubes could be tailored to 1400. On the other hand, Kang et al [13] found that TiO 2 nanotube arrays formed on electro-polished titanium were more uniform. Li et al [14] and Han et al [15] found that pre- 1 Author to whom any correspondence should be addressed.
anodization of Ti was propitious to form highly ordered TiO 2 nanotubes.
Surface mechanical attrition treatment (SMAT) has been proven to be an effective approach to obtain a nanocrystalline structure in the surface layer of a bulk metal [16] [17] [18] [19] [20] [21] [22] [23] . More importantly, it has been reported that nitriding of the SMATed iron [16, 18] and SMATed carbon steel [17, 19] with the nanostructured surface layer could be greatly enhanced. Although some works such as [13] [14] [15] revealed that electropolishing and pre-anodization of Ti could influence the morphology of the formed TiO 2 nanotubes, up to now no work has involved the effect of Ti substrate structure, such as grain size and crystal defects, on the anodization formation of TiO 2 nanotubes. In this work, to understand the effect of substrate microstructure on the formation of TiO 2 nanotubes, a nanostructured layer on titanium was achieved using SMAT and anodic oxidizations of SMATed-Ti and coarse-grained unSMATed-Ti were investigated.
Experimental procedure
The as-received commercially pure Ti plates which had a purity of 99.99 wt% were annealed at 750
• C for 5 h to eliminate residual deformation. After annealing, they were ground to remove oxide and polished to a mirror finish. For SMAT of Ti, an SNC-1 surface nanocrystallization testing machine as described in detail elsewhere [24] was employed. A Ti plate with a diameter of 100 mm and thickness of 5 mm was mounted on the top while zirconia balls (5 mm in diameter) were placed at the bottom of a cylinder-shaped vacuum chamber in the machine. The bottom of the chamber was vibrated by a vibration generator at a frequency of 50 Hz, resulting in the balls resonating and impacting the surface of the Ti plate. Under this condition, the Ti plate was treated at room temperature for 60 min.
Prior to the anodization treatment, the unSMATed-Ti and SMATed-Ti (10 mm × 10 mm × 2 mm) were sonicated successively in acetone, isopropanol, methanol and deionized water.
For the anodization treatment, a direct current power source (WYK-602, Huatai, China) was employed; the unSMATed-Ti and SMATed-Ti were used as anodes, respectively, while a graphite plate was used as a cathode. The electrolyte was glycol containing 0.075 M NH 4 F (99%, analytical reagent) and 0.02 vol% H 2 O. The electrolyte was stirred continuously at 20 rps using a magnetic stirrer. The distance between anode and cathode was maintained at 5 cm. The applied voltage was fixed at 60 V and the Ti samples were treated for 15 min to 4 h at room temperature. After the anodization treatments, the obtained samples were immediately washed with methanol and dried at room temperature.
A Reichert MeF3 optical microscope was used to examine the microstructural development along sections perpendicular to the SMATed surface of the specimen. The cross section was mechanically polished using silicon carbide paper to grade 2500, then on a polishing cloth with a liquid suspension of 0.04 μm alumina, and finally etched at room temperature in a solution of 10 ml HF, 35 ml HNO 3 and 55 ml distilled water. Transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan) operating at 200 kV was employed to observe the grain sizes and microstructure of the SMATed-Ti. Inplane TEM foils were prepared for the layers at different depths beneath the surface of the SMATed-Ti. Each foil was obtained first by removing the corresponding surface layer, then mechanically polishing the sample on the untreated side until it was about 30 μm thick; it was finally electropolished using a twin-jet technique in a solution of 10% perchloric acid and methanol at a voltage of 50 V with a temperature of −40
• C. The phase components of the samples were analyzed by x-ray diffraction (X'Pert PRO, PANalytical Co., The Netherlands) in θ -2θ geometry (XRD). Field emission scanning electron microscopy (FESEM; JSM-6700F, JEOL, Japan) was employed to observe the morphologies and thicknesses of the oxidized layers. The cross-sectional thickness measurements and bottom views were carried out directly on mechanically cracked samples.
Results and discussion

Structure of the SMATed-Ti
XRD patterns (omitted here) of the unSMATed-Ti and SMATed-Ti indicate that SMAT does not result in any phase transformation of titanium. Figure 1 shows the cross-sectional optical microstructure of the SMATed-Ti. It can be seen that the gradient structure resulting from a gradual decrease in the applied strain with increasing depth of the deformed layer, from very high (top surface) to zero (substrate), represents the complete range of structural changes during the treatment. The deformed layer is about 150 μm thick, in which single twins and the intersections of twins can be seen. Grains could not be observed with optical microscopy in the region about 20 μm beneath the surface.
The microstructure of unSMATed-Ti was observed by TEM, revealing coarse grains of about 40 μm in size and free of dislocations. Figure 2 shows TEM micrographs of the layers at different depth from the surface of the SMATedTi. Figures 2(a)-(c) show the microstructure of the surface layer. Some grain boundaries are visible but many boundaries are poorly defined ( figure 2(a) ). The continuous diffraction rings in the corresponding SAED pattern (inset in figure 2(a) ) and the dark-field image ( figure 2(b) ) indicate that the asSMATed surface layer is nanocrystallized and the grain size is about 7 nm. Figure 2 (c) is an inverse Fourier high resolution TEM (HRTEM) image of figure 2(b), showing that many dislocations are visible along the grain boundaries but not in the grain interiors, because dislocations will hardly pile up in grains when grain sizes are less than a critical value, as suggested elsewhere [24] . Figure 2(d) shows a TEM micrograph of the layer at a depth of 20 μm from the SMATedTi surface. Grains of about 100 nm in size and high density of dislocations (marked with arrows) piling up inside the grains can be observed; the layers at depths of 50 and 80 μm from the SMATed-Ti surface still contain a high density of dislocations (marked with arrows in figures 2(e) and (f)). curves have the same features. They decrease drastically at the first stage, then decrease gradually and remain relatively stable. The current drops are due to the formation of oxide films which elevated the resistance and reduced current densities [12, [25] [26] [27] . However, the current density for anodization of the SMATed-Ti is much higher than that of the unSMATed-Ti.
Formation of TiO 2 nanotubes on unSMATed-Ti and SMATed-Ti
The SMATed-Ti and unSMATed-Ti anodized for 15 min, 30 min, 1 h and 4 h were examined with XRD, as shown in figure 4 . Besides peaks attributed to Ti, a broadened peak located at 20
• -30
• is also visible, suggesting that the as-anodized layers are amorphous. It is worth noting that the intensity of the broadened peak increases with prolonging the anodizing time, indicating the thickening of the layers. After annealing the anodized layers at 450
• C for 3 h in argon atmosphere, the diffraction peaks attributed to anatase appear (seeing figure 5 as an example) , suggesting that the as-anodized layers consist of amorphous TiO 2 . The aforementioned XRD results exhibit no obvious differences of the phase components of the anodized layers on both of the substrates for each anodizing time, suggesting that nanocrystallization of Ti does not change phase components of the anodized layers. Figure 6 shows the morphologies of the TiO 2 layers on the unSMATed-Ti and SMATed-Ti anodized for 15 min, 30 min, 1 h and 4 h, respectively. The inset in each image in figure 6 shows the bottom view of the TiO 2 layer. The TiO 2 layers on the different Ti substrates at each anodizing time have the same features. It is found that, when the anodization time varies from 15 to 30 min, TiO 2 layers show a porous surface morphology and the average diameters of nanopores tend to increase from 75±5 nm to 105±5 nm (figure 6). To our knowledge, the exact mechanism by which nanopores form is still a subject of some debate [28] [29] [30] [31] . For example, Beranek et al [28] suggested that pore formation took place initially at random locations and self-ordering was merely a product of the competition between growing pores. Raja et al [31] , on the other hand, suggested that the ordering of pores may be a result of local surface perturbations. Moreover, it has been reported that TiO 2 nanotube formation in F − -containing electrolytes is the result of a competition between an electrochemical oxide formation and chemical dissolution of oxide by fluoride ions [27] :
Based on the surface morphologies of the TiO 2 layers anodized from 15 to 30 min (figure 6), the current drops shown in figure 3 , and the reactions given in equations (1) and (2), it is proposed that pore formation may be driven by localized dissolution of TiO 2 . The localized dissolution reduces the thickness of the oxidized layer, increasing the electric-field intensity at the bottom of the pore and inducing the formation of new oxide. That is to say, equations (1) and (2) take place simultaneously at the bottom of the pores, causing the pores growing into the substrate. Following pore formation (15 min images in figure 6 ), the pore growth becomes increasingly ordered and a self-organized nanotube structure can be observed beneath the porous surface (marked with arrows, 30 min images in figure 6 ). According to Mor et al [29] , the unanodized regions between pores are susceptible to field-assisted oxidation/dissolution causing the formation of voids between nanoporous regions, and nanotubes are the result of the simultaneous growth of voids and pores. When the anodization time is prolonged to 1 h, the nanoporous layers completely disappear due to the chemical dissolution [27] , and as a result the highly ordered nanotube layer is obviously observed. The outside diameters of the nanotubes are approximately 130 nm. When the anodization time is extended to 4 h, no obvious changes in surface morphology are observed. From the inserted images, it is found that the bottoms of the TiO 2 layers are round in shape, closed and separated. The closed bottoms correspond to the barrier layer formation [27] . The sizes of the bottoms are about 130 nm and do not change even when the anodization time is prolonged from 15 min to 4 h. Figure 7 gives the high resolution views of the top cross sections of the TiO 2 layers on unSMATed-Ti and SMATedTi, which were anodized for 15 min to 4 h. In the initial anodization (15 min), the nanopores have inhomogeneous pore walls and appear poorly organized, but the underneath show well self-ordered nanotube layers with diameters of about 130 nm. The thicknesses of nanopore layers are about 150 nm. When anodization time is prolonged to 30 min, the thicknesses of nanopore layers decrease but the diameters of self-organized nanotubes are also about 130 nm. As anodization time increased to 1 h, the nanopores layers are completely dissolved and the tops of nanotubes can be obviously observed; when the anodization time is further prolonged to 4 h, no obvious change in diameters of the nanotubes can be observed. The nanotubes for each TiO 2 layer were observed, appearing uniform in diameters along their length. The inset in each picture of figure 7 shows the whole cross-sectional morphology of the corresponding TiO 2 layer. On increasing the anodizing time, the thicknesses of the TiO 2 layers on both of the substrates gradually increased. For each anodizing time, more importantly, the thickness of the TiO 2 layer on SMATed-Ti is much thicker than that on unSMATed-Ti, which is in line with the change of current density shown in figure 3 . Figure 8 shows the thicknesses of the TiO 2 layers in dependence on the anodization time, in which error bars are standard deviation. It is indicated that the relationship between thicknesses (T ) of the TiO 2 layers and anodizing time (t) follows a parabolic function of equation (3), suggesting that the growth of the TiO 2 layers is diffusion-controlled:
where A is a constant relative to diffusion rate, which can be regressed from the experimental data within 4 h. From figure 8 , the values of A for TiO 2 layers on unSMATed-Ti and SMATed-Ti are 1.05 and 1.75, respectively. According to diffusion theory, the crystal defects, such as grain boundary, substructure interface and dislocation, could act as the passages for the interstitial rapid diffusion. The activation energies needed for the diffusion along these kinds of passages are much smaller than that for diffusion in the matrix lattice [18] . On the other hand, anodic formation of TiO 2 is an electrochemical reaction process controlled by field-aided ion transport (O 2− and Ti 4+ ) [27] . Bei et al reported that numerous crystal defects such as grain boundaries and dislocations in nanostructured material constitute a high stored energy that may facilitate chemical reaction [19] . As mentioned in the present work, SMAT of Ti could create a nanostructured surface layer with thickness more than 20 μm, and the nanostructured layer contains a high density of grain boundaries and dislocations; the unSMATed-Ti appears to have coarse-grained structure with few dislocations. Therefore, a high density of grain boundaries and dislocations in SMATed-Ti not only provide a large number of passages for the rapid diffusion of O 2− , but also enhance the rate of reaction between O 2− and Ti 4+ , resulting in the enhanced growth of TiO 2 nanotubes on SMATed-Ti compared with unSMATed-Ti.
Conclusion
The TiO 2 nanotube layer formed on the SMATed-Ti is thicker than that on the unSMATed-Ti. It is indicated that nanocrystallized Ti is propitious to the growth of TiO 2 nanotubes; grain boundaries and dislocations play the leading role in accelerating reaction rate and ion diffusion coefficient during anodization. The nanotube layers on unSMATed-Ti and SMATed-Ti are composed of amorphous TiO 2 . Nanocrystallization of Ti does not change surface morphologies and phase components of TiO 2 nanotubes.
